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E-mail address: yclee@jnu.ac.kr (Y.C. Lee).Liver X receptor (LXR)/retinoid X receptor (RXR) heterodimers have been shown to perform critical
functions in cholesterol and lipid metabolism. Here, we have conducted a comparative analysis of
the contributions of LXR and RXR binding to steroid receptor coactivator-1 (SRC-1), which contains
three copies of the NR box. We demonstrated that the coactivator-binding surface of LXR, but not
that of RXR, is critically important for physical and functional interactions with SRC-1, thereby con-
ﬁrming that RXR functions as an allosteric activator of SRC-1–LXR interaction. Notably, we identi-
ﬁed NR box-2 and -3 as the essential binding targets for the SRC-1-induced stimulation of LXR
transactivity, and observed the competitive in vitro binding of NR box-2 and -3 to LXR.
Structured summary: MINT-7986678, MINT-7986639, MINT-7986700, MINT-7986720, MINT-7986736,
MINT-7986760, MINT-7986787: LXR (uniprotkb:Q13133) physically interacts (MI:0915) with SRC1 (uni-
protkb:Q15788) and RXR (uniprotkb:P19793) by pull down (MI:0096)
MINT-7986596, MINT-7986621: SRC1 (uniprotkb:Q15788) physically interacts (MI:0915) with LXR (uni-
protkb:Q13133) by pull down (MI:0096)
MINT-7986555, MINT-7986575: LXR (uniprotkb:Q13133) physically interacts (MI:0915) with SRC1 (uni-
protkb:Q15788) by two hybrid (MI:0018)
MINT-7986808, MINT-7986907, MINT-7986890: SRC1 (uniprotkb:Q15788) binds (MI:0407) to LXR
(uniprotkb:Q13133) by pull down (MI:0096)
MINT-7986822, MINT-7986848, MINT-7986865: SRC1 (uniprotkb:Q15788) binds (MI:0407) to RXR
(uniprotkb:P19793) by pull down (MI:0096)
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Liver X receptors (LXRs) are nuclear receptors (NRs) that
respond to oxysterols and perform a critical function in cholesterol
homeostasis [1]. LXRs function as heterodimers with the retinoid X
receptor (RXR), which binds to the LXR-responsive element within
the regulatory regions of target genes [1]. LXR/RXR are ‘‘permissive
heterodimers”, which can be transcriptionally activated by either
an LXR ligand (22(R)-hydroxycholesterol, 22ROHC) or an RXRchemical Societies. Published by E
C, 22(R)-hydroxycholesterol;
protein; LBD, ligand-binding
r; NR box-1/-2/-3, the ﬁrst/
oid X receptor; SRC-1, steroid
h Center, School of Biological
ty, 300 Yongbong-dong, Buk-
0500.ligand (9-cis retinoic acid, 9cisRA) [2]. Interestingly, LXR can also
be activated by heterodimerization alone in the absence of a li-
gand, via a mechanism referred to as ‘‘dimerization-induced acti-
vation” [3]. This is a unique mechanism, which has not been
described for other NRs. Thus, the interaction of RXR with LXR
appears to induce a conformational alteration in the LXR–ligand-
binding domain (LBD), which is similar to structural changes
induced by the binding of the ligand; this phenomenon is referred
to as the ‘‘phantom ligand effect” [4,5]. In this model, LXR/RXR
evidences a three-fold activation mode: activation by dimerization
(ligand-independent allosteric effect), dual-ligand permissiveness,
and synergism (ligand-dependent allosteric effect).
The activation modes of LXR/RXR are probably attributable to
the interaction of LXR/RXR with various coactivators, an event cor-
related with transactivity. The association of coactivators with NRs
is mediated by multiple helical LXXLL motifs present within the
coactivators, which are termed NR boxes [6]. Therefore, the stimu-
lation effects of LXR in response to RXR heterodimerization and thelsevier B.V. All rights reserved.
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volves direct participation of RXR in coactivator interaction
through a target NR box. Alternatively, RXR may function as an
allosteric activator to enhance LXR-coactivator binding. We dem-
onstrated previously that RXR heterodimerization allosterically
activates LXR binding to the NR box-2 of activating signal cointe-
grator-2, rather than playing a direct role in the binding of RXR
to NR box-1 [7]. However, in the case of interaction with thyroid
hormone receptor-associated protein 220, both LXR and RXR
receptors contribute equally, thus demonstrating the dual roles
of RXR in direct interactions with the target NR box, as well as in
the allosteric activation of LXR [8].
While several reports have demonstrated that steroid receptor
coactivator (SRC)-1 can mediate the transcriptional activity of
LXR/RXR heterodimers, the molecular mechanism underlying the
interaction between LXR/RXR and SRC-1 is largely unknown. In this
study, we extended our previous work regarding LXR-coactivator
interaction to evaluate the differential contributions of each sub-
unit of the LXR/RXR heterodimers to interactions with SRC-1,
which harbors three conserved NR boxes; the ﬁrst, second, and
third NR box, respectively (NR box-1, -2, and -3) [6].2. Materials and methods
2.1. Plasmids
SRC-1 NR box expression constructs (SN constructs) were gener-
ated via PCR and subcloned into pRS424UB42-GBD for the yeast
interaction assay [7], into pGEX4T-1 for the GST pull-down assay,
or into the maltose-binding protein (MBP) fusion plasmid, pET23-
MBP-HTs, using appropriate restriction enzyme sites. Full-length
SRC-1 mutants and coactivator-binding surface mutants (mH3
and mAF2) of human forms of LXRa and RXRa were generated
using Muta-Direct™ (iNtRON) site-directed mutagenesis, then sub-
cloned into pcDNA3 for mammalian expression and in vitro trans-
lation. The pSH18-34-ADE reporter plasmid and the expression
constructs for hLXRa and hRXRa were described previously [7].
All constructs were veriﬁed via DNA sequencing.
2.2. Transient transfection assay
HEK293 cells were grown for 24 h on 24-well plates in Dul-
becco’s modiﬁed Eagle’s medium supplemented with 10% fetal bo-
vine serum, after which they were transiently transfected with
mammalian expression plasmids using SuperFect reagent (Qiagen).
The total quantity of transfected DNA was maintained at constant
levels via the addition of appropriate quantities of pcDNA3. After
3 h of transfection, the medium was exchanged with a medium
supplemented with 0.5% fetal bovine serum. After 24 h, the cells
were treated with the indicated ligand(s) and incubated for an
additional 24 h. The cells were harvested and assayed for luciferase
activity, as described previously [7]. The assay was conducted in
triplicate, and the results were averaged and normalized to LacZ
expression (from pSV-b-gal). Experiments were conducted at least
three times, with similar results.
2.3. Yeast two-hybrid interaction assays
Strain YPH500 harboring pSH18-34 (lexAop-LacZ reporter plas-
mid)was co-transformedwith expressionplasmids for LexA-LXR fu-
sion proteins and the B42-SN1/2/3-GBD triple fusion protein, in
combinationwith the RXR expression plasmid. Transformants were
grown in synthetic minimal media in the presence or absence of
9cisRA. Plate and liquid assays for b-galactosidase activitywere con-
ducted for at least three transformants, as described previously [9].2.4. In vitro GST pull-down assay
The indicated pGEX4T-1 derivatives were introduced into
the DH5a strain of Escherichia coli. Overexpression of GST alone or
GST-fusion proteins were induced for 3 h in 0.1 mM isopropyl-
b-D-thiogalactopyranosine, after which the proteins were puri-
ﬁed with glutathione-agarose beads (Promega). The indicated
pcDNA3-based expression constructs were synthesized in vitro
using the TNT transcription-coupled translation system (Promega).
Radiolabeled proteinswere added to equivalent quantities of GST or
GST-fusion protein (2–4 lg) bound to glutathione-agarose beads.
The beads were then washed three times and the bound proteins
were subsequently analyzed by SDS–PAGE and autoradiography.
2.5. RT-PCR analysis
Total RNA was isolated from transfected cells using Trizol
(Invitrogen), subjected to reverse transcription using a Reverse
Transcriptase Premix kit (Elpis-Biotech), then analyzed via semi-
quantitative PCR. The sequences of the primer sets are available
upon request. The ampliﬁcation of speciﬁc DNA regions was mon-
itored via agarose gel electrophoresis and ethidium bromide
staining.
2.6. MBP puriﬁcation and competition assay
The MBP or MBP-fused proteins were expressed in the BL21
(DE3) strain of E. coli for 1 h at 37 C, followed by 24 h of incubation
at 18 C. The fusion proteins were then puriﬁed with amylose resin
(New England BioLabs) and eluted with 100 mM maltose. For the
competition assay, in vitro translated NR proteins were added to
GST-SN1/2/3 protein (5 lg) bound to glutathione-agarose beads
in combination with the indicated quantities of MBP or MBP-fusion
proteins. The bound proteins were analyzed as described via a GST
pull-down assay.3. Results and discussion
3.1. Coactivator-binding surface of RXR is not required for the
functional and physical interactions of LXR/RXR heterodimers with
SRC-1
To conﬁrm that SRC-1 is functionally involved in LXR/RXR activa-
tion, we conducted a transient transfection assay using a reporter
gene under the control of two copies of an LXRE (2  LXRE-Luc)
(Fig. 1A). Ectopic expression of SRC-1 with LXR in HEK293 cells re-
sulted in a six-fold increase in reporter gene activity, even in the ab-
sence of the ligand, demonstrating the phantom ligand effect of
endogenous RXR in LXR transactivation. Activation was stimulated
further by treatment with 22ROHC and 9cisRA, thereby indicating
that the LXR/RXR heterodimers exhibit dual-ligand activation and
synergism in this system, as was previously reported [3]. Using the
Gal4-LXR/Gal4 UAS-based reporter system, we compared the func-
tional interactions of SRC-1 with monomeric LXR or heterodimeric
LXR/RXR (Supplementary Fig. 1A). The results were consistent with
Fig. 1A and veriﬁed the allosteric role of RXR heterodimerization on
the functional interaction of LXR and SRC-1. We also examined the
effect of RXR and each ligand on the LXR/RXR binding to SRC-1
in vitro, conﬁrming the three-fold activation mode in these interac-
tions (Fig. 2B and Supplementary Fig. 1B).
The NR boxes of coactivators that bind directly to the hydropho-
bic cleft of NR–LBD, which is formed by helices 3, 4, 5, and 12 (acti-
vation function 2 (AF2) helix). In greater detail, the Lys (K) residue
in helix 3 makes direct contact with the NR box to form a charge
clamp, and the hydrophobic residues (U) of helix 12/AF2 are
Fig. 1. The coactivator-binding surface of RXR is not involved in SRC-1-mediated
transcriptional activity of LXR/RXR heterodimers. (A) HEK293 cells were cotrans-
fected with 2  LXRE-luciferase reporter plasmid (100 ng/well), pcDNA3-LXR
(10 ng/well) and pcDNA3-SRC-1 (300 ng/well). After transfection, cells were treated
with the indicated ligand(s) (106 M), after which the cell extracts were assayed for
luciferase activity. 22R, 22ROHC; 9RA, 9cisRA; Both, both ligands; RLU, relative
luciferase activity. (B) Schematic depiction of LXR and RXR mutants used in this
study. K, Lys; U, hydrophobic residue. (C) Transient transfection assays were
conducted using pcDNA3-SRC-1 (300 ng/well) and the indicated LXR and RXR
constructs (100 ng/well) in HEK 293 cells.
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box [10]. To evaluate the effects of mutations in these coactiva-
tor-binding surfaces of NRs on functional interactions with SRC-
1, we replaced the conserved Lys in helix 3 to Ala (mH3 mutant)
as well as the hydrophobic residues in helix 12/AF2 (mAF2 mutant)
of LXR and RXR, respectively (Fig. 1B). These mutations had no ef-
fect on heterodimerization with the partner NRs (data not shown),
but abolished direct interactions between these NRs and SRC-1
(Supplementary Fig. 2). Then, we overexpressed these mutant
LXR/RXRs in HEK293 cells and assessed their transcriptional activ-
ities after stimulation via the co-expression of SRC-1 (Fig. 1C). The
transient expression of the wild-type LXR/RXR heterodimers could
activate the reporter gene, even in the absence of SRC-1 overex-
pression. The ectopic expression of SRC-1 resulted in 2.5-fold stim-
ulation of wild-type LXR/RXR transactivity, even in the absence of
ligands, and this constitutive transactivation was activated a fur-
ther two-fold by treatment with both ligands (22ROHC and 9cis-RA). Interestingly, the transcriptional activity of LXR/RXRmH3
was as effective as wild-type LXR/RXR. LXR/RXRmAF2 also evi-
denced effective constitutive transactivation, but was not stimu-
lated further by ligands. Conversely, the mutations in LXR
(LXRmH3/RXR and LXRmAF2/RXR) severely impaired both the con-
stitutive and ligand-induced transcriptional activities of heterodi-
mers. All these results demonstrate that LXR–SRC-1 binding, but
not RXR-SRC-1 binding, is essential for the SRC-1-mediated trans-
activation of LXR/RXR, even though RXR-AF2 performs a function
in the 9cisRA-responsiveness of heterodimers.
To verify these interactions directly, we assessed the interaction
between mutant LXR/RXR heterodimers and the SN1/2/3 fragment
of SRC-1 (amino acids 613–785, contains three NR boxes), using
the yeast two-hybrid and GST pull-down assays (Fig. 2). The rela-
tively weak interaction between LXR and SN1/2/3 was stimulated
by approximately 3.5-fold as the result of RXR heterodimerization
and activated a further 2.8-fold by the addition of 9cisRA (Fig. 2A).
Interestingly, the dimerization-induced interaction of LXR and the
9cisRA-induced interaction of LXR/RXR were not increased further
via the addition of 22ROHC (data not shown). These results were
consistent with our previous observations and appeared to be
attributable to the existence of endogenous LXR ligands in yeast
[7]. Consistent with the transient transfection data, mutations of
either H3 or AF2 in RXR did not inﬂuence the interaction of hetero-
dimers with SN1/2/3 in yeast, but the ligand inducibility was com-
promised only in the case of LXR/RXRmAF2 (Fig. 2A). By way of
contrast, either mutation in LXR completely abolished the interac-
tion with SN1/2/3, thus conﬁrming that only the coactivator-bind-
ing surface of LXR was essential for the direct interaction of LXR/
RXR with the NR-interaction domain of SRC-1 in yeast. These re-
sults were all reproduced in an in vitro binding system using a
GST-fused SN1/2/3 fragment and in vitro translated wild-type
and mutant versions of the LXR/RXR heterodimers (Fig. 2B). Collec-
tively, our results demonstrate that the LXR–SRC-1 interaction is
stimulated by the phantom ligand (allosteric) effect of RXR hetero-
dimerization, as in the case of LXR interaction with activating sig-
nal cointegrator-2 [7].
3.2. NR box-2 and -3 are involved in the functional and physical
interactions of SRC-1 with LXR/RXR heterodimers
One of the interesting aspects of the NR box is that there exists
an NR-speciﬁc code which causes a given NR to interact preferen-
tially with the speciﬁc NR box among the various coactivators [6].
Therefore, we attempted to determine which NR box is involved
directly in the LXR/RXR–SRC-1 interaction. For this purpose, we
constructed a variety of NR box mutants of SRC-1 harboring single
(m1, m2, m3), double (m1/2, m2/3, m1/3), or triple (m1/2/3) amino
acid changes in the LXXLL motif of each NR box (to LXXAA)
(Fig. 3A). These substitutions were previously determined to result
in the complete abolition of NR binding ability.
First, these NR box mutants of SRC-1 were evaluated for their
ability to interact physically with LXR/RXR via an in vitro binding
assay (Fig. 3B). The m2 or m3mutation resulted in a signiﬁcant loss
of LXR/RXR binding, and the m2/3 mutant evidenced a complete
loss of binding activity when compared with the m1/2/3. Con-
versely, the m1 mutant evidenced binding activity comparable to
that of the wild-type. We subsequently evaluated the role of each
NR box of SRC-1 in the stimulation of LXR/RXR transactivity
(Fig. 3C). As compared to wild-type SRC-1, the stimulatory effect
of m1 on LXR/RXR transactivation was marginally reduced. How-
ever, the m2 or m3 induced partial or signiﬁcant defects in the
stimulation of LXR/RXR transactivation, respectively. Taken to-
gether with the in vitro binding results, these ﬁndings demonstrate
that both NR box-2 and -3 directly mediate the functional and
physical interaction of SRC-1 with LXR/RXR heterodimers. Finally,
Fig. 2. The coactivator-binding surface of RXR is not required for the direct interaction of SN1/2/3 with LXR/RXR heterodimers. (A) Yeast two-hybrid interaction assays were
conducted in the presence (black bar) or absence (white bar) of 107 M 9cisRA. (B) The allosteric role of RXR in SRC-1 and LXR interaction. The indicated LXR and RXR
constructs were translated in vitro in the presence or absence of 35S-labeled methionine, respectively, and their abilities to interact with GST-fused SN1/2/3 protein were
assessed in the presence of the cognate ligand(s) (106 M). INPUT (INP) indicates 10% of the in vitro translated proteins used in these assays.
Fig. 3. NR box-2 and -3 of SRC-1 are directly involved in the SRC-1-mediated transactivation of LXR/RXR heterodimers. (A) Schematic representation of various NR box
mutants of SRC-1 used in this study. (B) Radiolabeled RXR and SRC-1 derivatives were synthesized in vitro and assessed for their abilities to interact with GST-fused LXR in the
presence of 106 M both ligands (+Both). (C) Transient transfection assays were conducted using the indicated pcDNA3-SRC-1 constructs (300 ng/well) and pcDNA3-LXR
(10 ng/well). (D) HEK293 cells were transfected with pcDNA3-SRC-1 constructs and the mRNA expression levels of indicated genes were analyzed via semi-quantitative RT-
PCR.
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Fig. 4. Competitive binding of NR box-2 and -3 to the single NR box binding site of LXR. (A) GST-SN1/2/3 protein was incubated with 35S-labeled LXR and cold-methionine-
labeled RXRmH3 with increasing quantities of competitor proteins (MBP, MBP-SN2 or MBP-SN3) at the indicated molar ratios in the presence of 106 M of both ligands
(+Both), and the bound proteins were analyzed. (B) The quantities of bound LXR were quantiﬁed with Scion imaging software (Scion Corporation). The extent of LXR binding
to GST-SN1/2/3 without the competitor protein was set to 100%.
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lation of the transcription of endogenous LXR-target genes via the
transient expression of SRC-1. As is shown in Fig. 3D, the mRNA
levels of the LXR-target genes, ABCG1 and ABCA1, were clearly in-
duced by the overexpression of wild-type SRC-1. However, the ec-
topic expression of mutant SRC-1 with single (m2, m3) or double
(m2/3) substitutions resulted in partial or signiﬁcant defects in
the induction of target gene transcription, respectively, which cor-
relates well with previous results (Figs. 3B and C).
3.3. Competitive in vitro binding of NR box-2 and -3 to LXR
Several experiments have demonstrated that two NR boxes of a
single SRC-1 can interact cooperatively with both subunits of NR/
RXR heterodimers [6,11]. Although both NR box-2 and -3 are
critically important mediating factors in the interaction between
SRC-1 and LXR/RXR (Fig. 3), LXR is the only binding partner in this
interaction (Figs. 1 and 2). As two NR boxes cannot interact
simultaneously with the coactivator-binding pocket of one recep-
tor, we may speculate that the binding of LXR to either NR box-2
or -3 might be mutually exclusive. To test this, we conducted an
in vitro competitive binding assay using GST-SN1/2/3 and
in vitro translated LXR/RXRmH3, using MBP-fused SN2 (amino
acids 670–714, containing NR box-2) or SN3 (amino acids 739–
785, containing NR box-3) as a competitor. We employed RXRmH3
as a heterodimeric partner to prevent SN1/2/3 from interacting
with free RXR. For competition, the interaction of SN1/2/3 with
LXR/RXRmH3 was challenged with increasing quantities of MBP-
SN2 and/or MBP-SN3 fragments. As is demonstrated in Fig. 4, the
addition of MBP-SN2 or -SN3 proteins reduced the binding of
SN1/2/3 to LXR/RXRmH3 in a dose-dependent manner, to 50% of
the level of binding measured without competitors. However, the
combined inclusion of both SN2 and SN3 proteins diminished this
binding to a greater degree than the use of a single SN protein (to a
20% level) (Fig. 4B). These results indicate that the combined inter-
actions of SN1/2/3 with LXR/RXRmH3 can be competed out with
similar efﬁciency by excess quantities of SN2 or SN3 proteins. All
these results clearly indicate that the binding of LXR to NR box-2
or -3 contributes equally to the overall in vitro interaction between
SN1/2/3 and LXR/RXR heterodimers. We speculate that the binding
of LXR to either NR box-2 or -3 may be random, or may be driven
by selective forces that we do not currently recognize or under-
stand. For example, it is possible that various populations of LXR/
RXR heterodimers may interact differently with one of the twoNR boxes of SRC-1 according to their speciﬁc activation status or
due to the allosteric effects of a speciﬁc promoter context in mam-
malian cells.
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